Abstract Magnetic resonance imaging studies have begun to map effects of genetic variation on trajectories of brain development. Longitudinal studies of children and adolescents demonstrate a general pattern of childhood peaks of gray matter followed by adolescent declines, functional and structural increases in connectivity and integrative processing, and a changing balance between limbic/subcortical and frontal lobe functions, which extends well into young adulthood. Twin studies have demonstrated that genetic factors are responsible for a significant amount of variation in pediatric brain morphometry. Longitudinal studies have shown specific genetic polymorphisms affect rates of cortical changes associated with maturation. Although over-interpretation and premature application of neuroimaging findings for diagnostic purposes remains a risk, converging data from multiple imaging modalities is beginning to elucidate the influences of genetic factors on brain development and implications of maturational changes for cognition, emotion, and behavior.
The "Nature versus Nurture" question of biology has long been put to rest in favor of the recognition that each individual's unique phenotype emerges from a developmentally sensitive interaction of genes and environment. The advent of magnetic resonance imaging (MRI) has provided unprecedented ability to look past the protective layers of skull, fluid and dura to capture exquisitely accurate pictures of brain anatomy and physiology. Because MRI does not use ionizing radiation it can be used not only to scan children, but to scan them repeatedly during the course of development. This capacity to acquire longitudinal brain maturation data safely has launched a new era of child and adolescent neuroscience, including the ability to explore the relative effects of genetic and environmental factors on the trajectory of brain development.
In this review we will begin by describing the longitudinal changes in brain structure occurring in typically developing children and adolescents. The next section will discuss the use of twin studies to delineate the relative effects of genes and environment. Finally, we will highlight recent work looking at effects of specific genetic polymorphisms. We will emphasize data from the typically developing individuals participating in a large-scale longitudinal study carried out at the Child Psychiatry Branch of the National Institutes of Health in order to provide an integrated overview of varying influences on brain development from scans of subjects obtained and analyzed using the same methods. In this study, begun by Markus Krusei in 1989, participants between the ages of 3 and 30 years come to the campus in Bethesda, MD at approximately 2 year intervals for MRI scans, neuropsychological testing, and genetic analysis. Currently the data base consists of over 6,000 scans from over 2,000 subjects, approximately half from clinical populations such as ADHD, Autism, and Childhood onset Schizophrenia, and half from typically developing individuals, including over 800 scans from twins.
Mapping Developmental Anatomic Trajectories During Typical Childhood and Adolescence
Data taken from the Child Psychiatry Branch (CPB) cohort has shown several striking findings. One is the degree of variability of brain structures across individuals. For example, as seen in Fig. 1 two healthy 10 year old boys can have a nearly two-fold differences in total brain size. This high variability extends to measures of brain substructures as well and has important implications for the interpretation and utility of brain imaging results. Second, the development of total cerebral volume and many subcortical regions follows an inverted U shaped trajectory. These trajectories were estimated using statistical methods which derive an overall developmental curve for a population, including an approximate age of peak volume for the population as a whole (see Fig. 2 ) . A third key finding is the difference in developmental trajectories for males and females. Throughout childhood and adolescence in this sample the group average brain size for males is approximately 10% larger than for females. This 10% differences has also been found in hundreds of adult neuroimaging and postmortem studies, frequently attributed to the larger body size of males. However, in our pediatric subjects the boys' bodies are not larger than girl's until after puberty, and girls are actually somewhat taller from ages 10-13 in both our samples and data from the CDC because of their earlier pubertal growth spurt.
These findings highlight one of the most important principles emerging from neuroimaging research, which is that differences in brain size cannot be straightforwardly interpreted as imparting any sort of functional advantage or disadvantage. Male/female differences and the striking variability of brain volumes in the presence of equal intellectual capacity demonstrate the lack of a linear relationship, while the inverted U shape of brain trajectories indicates the dissociation between ongoing maturational improvement in cognitive ability while brain volumes have already begun to fall during mid-late adolescence. Features such as neuronal connectivity and receptor density may confer functional differences that are not captured with gross structural measures.
Trajectories of Brain Volumes
Brain volume follows an inverted U shape trajectory, which peaks at approximately age 10.5 in girls and 14.5 in boys (see Fig. 2 ). Tissue classified as gray matter (GM) by MRI consists mostly of cell bodies, dendrites, and dendritic processes, with contributions from axons, glia, blood vessels, and extracellular space (Braitenberg 2001 ). White matter (WM) is composed primarily of myelinated axons of neurons with associated vasculature and glia. Although GM and WM are bound by lifelong reciprocal relationships they have different developmental trajectories. GM developmental trajectories follow an inverted U shaped curve with peak sizes occurring at different times in different regions. For instance, in the frontal lobes peak cortical GM volume occurs at 9.5 in girls and 10.5 years in boys; in the temporal lobes at 10.0 in girls and 11.0 years in boys; and in the parietal lobes at 7.5 in girls and 9 years in boys.
White matter volumes instead increase throughout childhood and adolescence (Fig. 2c ). At lobar levels (i.e. frontal, temporal, and parietal lobes) the white matter trajectories are roughly similar. However, for smaller regions the growth rates can be quite dynamic with as much as a 50% change over a 2-year period (Thompson et al. 2000) The corpus callosum (CC) is the most prominent white matter structure and easily visualized on mid sagittal MR images. The CC consists of approximately 200 million mostly myelinated axons connecting homologous areas of the left and right cerebral hemispheres. The functions of the CC can generally be thought of as integrating the activities of the left and right cerebral hemispheres, including functions related to the unification of sensory fields (Berlucchi 1981; Shanks et al. 1975 ), memory storage and retrieval (Zaidel and Sperry 1974) , attention and arousal (Levy 1985) and enhancement of language and auditory functions (Cook 1986 ). In agreement with several studies that have indicated increasing CC size during adolescence Fig. 1 Scatterplot of longitudinal measurements of total brain volume for males (N=475 scans, shown in dark gray) and females (N=354 scans, shown in light gray) ) (Allen et al. 1991; Cowell et al. 1992; Pujol et al. 1993; Rauch and Jinkins 1994; Thompson et al. 2000) , total midsagittal CC area increased robustly from ages 4-20 years in the CPB sample (Fig. 2e) .
Increasing white matter during childhood and adolescence allows for greater integration of disparate neural circuitry, the hallmark of many maturational changes in brain function. Neurons integrate information from other neurons by summing excitatory and inhibitory input. If excitatory input exceeds a certain threshold, the receiving neuron fires and initiates a series of molecular changes that strengthens the synapses, or connections, from the input neurons, or as described by Donald Hebb in 1940, "cells that fire together wire together." The summation of input depends on exquisite timing of signals coming from neurons that may be nearby or more distant. Myelin participates in the fine-tuning of this timing, which encodes the basis for thought, consciousness and meaning in the brain. The dynamic activity of myelination during adolescence reflects how much new wiring is occurring. Myelination also plays a central role in developmental changes in the brains ability to change in response to its environment by inhibiting axon sprouting and the creation of new synapses (Fields 2008) .
Recognition of the importance of white matter development for brain function has stimulated the development of new imaging techniques such as diffusion tensor imaging (DTI) and magnetization transfer (MT) which can be used to assess myelination and coherence of white matter tracts. These new techniques further confirm an increase in white matter organization during adolescence, which correlates in specific brain regions with improvements in language (Nagy et al. 2004) , reading (Deutsch et al. 2005) , ability to inhibit a response (Liston et al. 2006 ) and memory (Nagy et al. 2004 ).
Subcortical Structures

Basal Ganglia
The basal ganglia are a collection of subcortical nuclei (caudate, putamen, globus pallidus, subthalamic nucleus, and substantia nigra) that are involved in circuits mediating movement, higher cognitive functions, attention, and affective states. Basal ganglia anomalies have been reported for almost all neuropsychiatric disorders that have been investigated by neuroimaging (Giedd et al. 2006) . Because of the small size and ambiguity of MR signal contrast of the borders defining the structures, only the caudate, putamen, and globus pallidus are readily quantifiable by MRI, and reliable automated techniques have only been established for the caudate. Like cortical GM the caudate follows an inverted U shape developmental trajectory, peaking at age 10.5 years in girls and 14.0 years in boys (see Fig. 2f ). The shape of the caudate developmental trajectory is more similar to that of frontal and parietal gray matter than temporal supporting the notion that brain regions that share extensive connections also share similar developmental courses.
Amygdala and Hippocampus
The temporal lobes, amygdala, and hippocampus are integral players in the arenas of emotion, language, and memory (Nolte 1993) . Human capacity for these functions changes markedly between the ages of 4 and 18 years (Diener et al. 1985; Jerslid 1963; Wechsler 1974) , although the relationship between the development of these capacities and morphological changes in the structures subserving these functions is poorly understood.
Description of the amygdala and hippocampus has been performed using manual tracing by expert raters, due to concerns regarding validity of existing automated methods for quantification of these structures, and is not yet completed for the longitudinal sample. In a previous report from a crosssectional sample subset of the NIMH sample, amygdala volume increased significantly during adolescence only in males and hippocampal volume increased significantly only in females (Giedd et al. 1996) . This pattern of gender-specific maturational volumetric changes is consistent with nonhuman primate studies indicating a relatively high number of androgen receptors in the amygdala (Clark et al. 1988 ) and a relatively higher number of estrogen receptors in the hippocampus (Morse et al. 1986 ).
Lateral Ventricles
The lateral ventricles are distinctive as a brain morphometry measure, as they are compartments filled with cerebrospinal fluid, rather than gray or white matter structures. Lateral ventricle size measures are usually interpreted as an indirect assessment of loss of the tissue from the neighboring structures that define its borders. The increasing size of lateral ventricle volume is shown in Fig. 2d . That ventricular volume increases so robustly during typical child and adolescent development should be considered when interpreting the many reports of increased ventricular volumes in a broad range of neuropsychiatric conditions.
Cerebellum
Although only about 1/9 the volume of the cerebrum, the cerebellum (Latin for "little brain") actually contains more brain cells than the cerebrum. The function of the cerebellum has traditionally been described as related to motor control, but it is now commonly accepted that the cerebellum is also involved in emotional processing and other higher cognitive functions that mature throughout adolescence (Riva and Giorgi 2000; Schmahmann 2004 Schmahmann , 2010 . Similarly to the cerebrum, the cerebellum is made up of subunits that arise from different embryologic precursors and appear to have evolved at different times. In cross section the anatomy of the cerebellum resembles a butterfly shape with the central body part corresponding to the cerebellar vermis and the wings corresponding to more recently evolved cerebellar hemispheric lobes. Developmental curves of total cerebellum size follow an inverted U shaped developmental trajectory with peak size occurring at 11.3 in girls and 15.6 in boys, similar to the cerebrum. However, these different subregions appear to follow different developmental trajectories. In contrast to the evolutionarily more recent cerebellar hemispheric lobes that followed the inverted U shaped developmental trajectory, cerebellar vermis size did not change across the age span covered in this study (5-24 years) (Tiemeier et al. 2009 ).
Regional Differences in Cortical Thickness
Although some functional implications may be gleaned by examining GM at the lobar level, a significant advance was gained with the development of techniques able to measure cortical thickness at a high level of resolution, making it possible to describe structural differences with a greater degree of spatial detail potentially more suitable for relating to functional characteristics. Challenges to measurement of cortical thickness include accurate removal of overlying skull, modeling the cortical surface in regions where opposing sulcal surfaces may touch, and individual differences in cortical morphology.
We have created movies of changes in cortical thickness over development by analyzing scans acquired longitudinally from the same individuals. One such animation derived from scans of 13 subjects who had each undergone scanning four times at approximately 2-year intervals between the ages of four and 22 is available at http:// www.nimh.nih.gov/videos/press/prbrainmaturing.mpeg. Still images of the movie at different ages are seen in Fig. 3 .
The thinning associated with cortical maturation appears to occur first in primary sensorimotor areas and latest in higher order association areas such as the dorsolateral prefrontal cortex, inferior parietal, and superior temporal gyrus. Postmortem studies suggest that part of the GM changes may be related to synaptic proliferation and pruning (Huttenlocher 1994) . The connection between GM decreases and synaptic pruning is indirectly supported by an MRI/quantified EEG study of 138 healthy 10-30 year old subjects that found curvelinear reductions in frontal and parietal GM were matched by similar curvilinear reductions in EEG power of the corresponding regions (Whitford et al. 2006) . As EEG power reflects synaptic activity, the temporally linked EEG power and GM changes suggests that the GM volume reductions are accompanied by reductions in the number of synapses.
Another potential contributor to decreased GM volume and cortical thickness is the ongoing myelination of small axons at the interior cortical border. This would lead to voxels changing classification from GM to WM along this border, resulting in cortical thinning as assessed by MR volumetrics, without necessarily entailing changes in synaptic density (Sowell et al. 2001) . At present it is thought both factors are likely involved, but a definitive answer awaits studies such as imaging of nonhuman primates with post-mortem validation.
Genetic and Environmental Influences on Brain Development: Quantitative Genetics
Individual variation in the trajectory of brain development arises from the interaction of genetic and environmental factors. Statistical quantitative genetics, developed by the work of Fisher, Wright, and others (Fisher 1918; Wright 1968 ) provides a method of estimating the relative contributions of these factors based on the similarity of a given trait within individuals of different degrees of relatedness. In this model, phenotypic variation can be expressed as the addition of genetic, shared environmental, and unique environmental factors, plus their interactions. Heritability, or h, is defined as fraction of total variation due to genetic factors. Statistical quantitative genetics provides a broad estimation of what types of factors affect variation in a trait, without knowing what the specific relevant genetic or environmental factors actually are, particularly useful in complex traits to which it (Gogtay et al. 2004) is likely a large number of genetic or environmental factors may each be contributing a small component. One of the most commonly used and powerful study designs within quantitative genetics is the twin study.
In the classical twin model, it is assumed that the amount of genetic material shared by a pair of monozygotic (MZ) twins is 100% and by dizygotic (DZ) twins is 50% (Neale and Maes 2005) . One of the strengths of the twin model above other types of familial relatedness is the potential to separate out similarity due to shared genes from similarity due to being raised in the same environment. When twins are raised together, the environment is assumed to be identical for both, whether MZ or DZ. Therefore increased similarity between MZ twins compared to DZ for a given trait suggest that variation in the trait is being affected more strongly by genetic factors (A), while increased similarity between DZ twins suggests a prominent effect of the shared environment (C). Non-additive genetic effects will also tend to further increase the degree of similarity between MZ twins compared to DZ, providing an estimate of dominance (D). The environmental factors unique to each individual and measurement error are combined in the residual variance term (E).
A classical twin study containing MZ and DZ twin pairs that have been raised together allows estimation of A, C or D, and E. C and D cannot be determined simultaneously because these terms are negatively confounded with each other: dominance effects increase the correlation between MZ twins, while shared environment factors increase the correlation between DZ twins (Anderson et al. 2002) . Interaction terms such as gene-environment correlation can be estimated with more complex models including populations such as children of twins, an extension made possible through the use of more sophisticated techniques such as structural equation modeling (SEM), and its visual analogue, path analysis (see Fig. 4 ). While heritability can be estimated using simple equations based on correlations, SEM allows the creation of broader models including other family members such as siblings, or estimating the effects of variance components with factors such as age. SEM also makes it possible to systematically test whether age or other specific variance components are contributing significantly to improve the fit of the overall model (Neale and Maes 2005) . Most brain volumes in adults are significantly heritable (Baare et al. 2001; Posthuma et al. 2000; Tramo et al. 1998; Wright et al. 2002) . Variation of cortical thickness in some regions such as the frontal and superior temporal lobes appears have a significant genetic contribution, while in other regions environmental factors are more pronounced (Rimol et al. 2010; Thompson et al. 2001) . Topological features such as gyrification, by contrast, have thus far appeared to show stronger environmental influences (White et al. 2002) .
The CPB twin study and others have explored whether estimates of heritability of brain structure and function change over the course of development.
The first report from the CPB study in a large group of healthy pediatric twins found that heritability values ranged from 70% to 90% for brain volumes for all structures except the ventricles and cerebellum similar to values previously reported in adults. High heritability values for regional gray and white matter volumes was also reported using a voxel-based morphometry method in a large group of pediatric twins aged 9-10 years from an ongoing longitudinal study in the Netherlands (Peper et al. 2009) Heritability of cortical thickness in pediatric subjects from the CPB study varied by region ). A striking overlap with previous findings in adults was seen, with areas in the dorsolateral frontal and superior temporal regions demonstrating the strongest genetic contribution, as did regions associated with language in the left parieto-temporal junction. Non-genetic factors were the chief contributors to variance over substantial areas of the cortex, including those regions associated with primary motor and sensory functions. Shared environmental factors were nonsignificant. Interestingly, although the areas of high heritability were similar to what had previously been reported in adults ) the heritability values were lower, raising the question of whether the lower values were related to the difference in age between the populations.
When the interaction of age with variance components was examined, developmental changes were seen in both brain volumes and in cortical thickness. Variance due to genetic effects increased over childhood and adolescence for both gray and white matter volumes. However, environmental variance decreased for white matter volumes, while it increased for gray matter volumes, leading to an overall increase in white matter heritability and decrease in gray matter heritability .
Age-related changes in heritability of cortical thickness also varied by brain region (see Fig. 5 ). Regions such as the primary motor and sensory cortices were significantly heritable in younger children but became progressively less so with time, such that genetic factors were not significant in young adults. Conversely, variation in regions such as the dorsal prefrontal and temporal regions was more environmentally driven in younger children, and became more strongly heritable with maturation ).
Multivariate statistical genetic analyses provide an estimate of the degree to which the same genetic or environmental factors contribute to multiple neuroanatomic structures, such as distributed neural networks or ontologically related regions. In a large multivariate analysis of the CPB data, a single genetic factor accounted for 60% of variability in cortical thickness across the brain (Schmitt et al. 2007 ). Six factors account for 58% of the remaining variance, with five groups of structures strongly influenced by the same underlying genetic factors. These findings are consistent with the radial unit hypothesis of neocortical expansion proposed by Rakic (Rakic and Caviness 1995) and with hypotheses that global, genetically mediated differences in cell division were the driving force behind interspecies differences in total brain volume (Darlington et al. 1999; Finlay and Darlington 1995; Fishell 1997) Multivariate analyses can also be used to determine whether similar genetic or environmental factors may be contributing to a brain structure and a cognitive or behavioral phenotype. Previous studies in adults had found that shared genetic influences contributed to both brain volume and IQ (Hulshoff Pol et al. 2006; Posthuma et al. 2002) . We carried out a multivariate analysis of brain structures with verbal and non-verbal IQ measures in the CPB pediatric twin sample to determine what kind of relationship might exist during this period of rapid cognitive development. Interestingly, a common environmental factor affected variation in both verbal IQ and gray matter volume. Nonverbal IQ, on the other hand, shared a common genetic factor with regional variation in both gray and white matter volumes. These results suggested that different mechanisms underlie the relationship of specific subcomponents of intelligence to brain structure, at least in this younger cohort (Raznahan et al. 2010; Wallace et al. 2010) The mechanisms underlying the increasing genetic contributions to variation for some traits over development are not well understood. One likely factor is changes in gene expression, for example as triggered by pubertal processes. The presence of developmental changes in gene expression in the brain has been well established in animal models (Stead et al. 2006; Sun et al. 2005) . A growing number of genes whose expression in the brain changes over development is being documented in humans as well, including genes related to the dopamine transporter (DAT), BDNF, its receptor, tyrosine kinase B (trkB), and others (Webster et al. 2006; Weickert et al. 2007 ).
Another possibility is that the change in heritability arises from the changing interaction of genes and environment. While gene-environment interactions can be modeled within statistical quantitative genetics as one of the terms contributing to phenotypic variance, typical twin study designs lack the power to adequately describe them. They are therefore usually not modeled as separate factors, but may still contribute to the additive genetic component as an expression of genetic factors influencing environmental variance.
Gene-environment correlation in particular is a promising candidate for explaining increasing heritability with age (Scarr and McCartney 1983) . Gene-environmental correlations are theorized to occur through three different processes: passive, active, and evocative. In the first type, a child's genes and his or her environment are correlated because the parents providing the genes are also shaping the child's environment. In active gene-environment correlation, the child is helping to create his or her environment through actively choosing activities or other factors which complement inherited capacities. Evocative geneenvironment correlation occurs when genetically mediated traits in the child stimulates particular reactions in other people which again influence the child's environment. Scarr and McCartney and others (McGue 2010; Rutter 2007) have proposed that increasing heritability with age may be related to the increasing ability of a child to choose their own environment as they mature and gain autonomy, and thus the increasing contribution of active gene-environment correlations to heritability values.
The assumptions and limitations of the method should be kept in mind. One assumption that is often questioned is whether the environment in which DZ twins are reared is really the same as their identical MZ counterparts. While work done thus far has not shown differences in MZ and DZ familial environment to be so significant a factor as to invalidate twin studies (Kendler et al. 1994) , the potential must be kept in mind for each particular trait. A second limitation is that a given set of variability estimates can only be considered valid for a specific population and environment. One of the most challenging limitations, however, is the limited power of this model to describe gene-environment interactions. One aspect of this is the limited power to detect GxE and rGE interactions as contributors to variance. The other is a more fundamental challenge to the methodology: whether acting as if genetic and environmental factors can actually be separated and added together as independent factors is inherently problematic, given that genes are linked to phenotypes only through their interaction with environmental factors (Lewontin 1974; Meaney 2010; Tabery 2009; Vreeke 2000) .
Despite these limitations, quantitative statistical genetic methods have made significant contributions to demonstrating the relative roles of genetic and environment factors Fig. 5 Heritability at ages 5, 12, and 18 years for superior, inferior, right and left cortical surfaces. Colorbar shows scale of heritability values from 0.0 to 1.0 across different stages of development. Among these is establishing that brain structural characteristics measurable with MRI are heritable traits and thus viable endophenotypes for studies of the effects of specific genes.
Specific Genes
As with any quantifiable behavioral or physical parameter, individuals can be categorized into groups based on genotype. Brain images of individuals in the different genotype groups can then be averaged and compared statistically. The CPB study has begun examining effects of genetic polymorphisms known to be relevant to major psychiatric disorders on the trajectories of brain development in healthy children and adolescents.
In adult populations, one of the most frequently studied genes has been apolipoprotein E (apoE), which modulates risk for Alzheimer's disease. Carriers of the four allele of apoE have increased risk, whereas carriers of the two allele are possibly at decreased risk. To explore whether apoE alleles have distinct neuroanatomic signatures identifiable in childhood and adolescence, we examined 529 scans from 239 healthy subjects aged 4-20 years (Shaw et al. 2007) . Although there were no significant IQ-genotype interactions, there was a step wise effect on cortical thickness in the entorhinal and right hippocamapal regions, with the four group exhibiting the thinnest, the three homozygotes in the middle range, and the two group the thickest. These data suggest that pediatric assessments might 1 day be informative for adult-onset disorders.
The catechol-O-methyltransferase (COMT) gene has received extensive attention due to its effects on dopamine metabolism and links to disorders such as schizophrenia. A polymorphism within COMT results in a valine (Val) to methionine (Met) substitution with a lower enzymatic activity and resulting higher dopamine levels in prefrontal cortical regions where the gene is densely expressed (Tunbridge et al. 2007) . A comparison of cortical thickness in 209 healthy children and adolescents from the CPB study with the Val/Val, Val/Met, and Met/Met alleles found a stepwise increase in cortical thickness in the right inferior frontal and right superior/middle temporal gyrus with each additional Met allele (Shaw et al. 2009) .
A longitudinal study of the effects of polymorphisms in Disrupted-in-schizophrenia-1 (DISC1) found that rates of cortical thinning associated with maturation varied by genotype (see Fig. 6 ) (Raznahan et al. 2010 ). Leu607Phe and Ser704Cys are two common polymorphisms within DISC1 that have been specifically linked both to cortical structure, and to disorders such as schizophrenia and autism that are related to neurodevelopmental abnormalities. In this analysis, 598 scans were obtained from 255 typically developing individuals between the ages of nine and 22 years. The Phe607Car genotype showed less cortical thinning than the LeuLeu genotype in superior frontal and temporal regions, while the Ser704Ser phenotype had accelerated thinning compared to the Ser704Cys in areas within the temporal lobes. Both genotypes also showed fixed effects on cortical thickness that did not vary by age across broad ranges, with almost 20% of the cortex being affected by polymorphisms in one or the other or both sites.
In each of these cases, polymorphisms of genes associated with psychiatric disorders have resulted in differences in cortical thickness in typically developing children and adolescents. Moreover, the regions affected have tended to fall within regions important for the psychiatric disorder or cognitive function associated with that gene. These findings support the roles of these various genes on structural brain development. In addition they suggest that the cortical differences seen in these disorders may be at least in part due to heritable neurodevelopmental differences associated with a specific genotype, rather than downstream effects of having the clinical condition.
Summary/Discussion
Anatomic brain MRI measures show high individual variability. The high variability and substantial overlap of most measures for most groups being compared has profound implications for the diagnostic utility of psychiatric neuroimaging and the sensitivity/specificity in using neuroimaging to make predictions about behavior or ability in a particular individual. For example, although group average anatomic MRI differences have been reported for all major psychiatric disorders MRI is not currently indicated for the routine diagnosis of any. Going from group average differences to individual use is one of the preeminent challenges of neuroimaging. A more immediate use of neuroimaging may be to provide endophenotypes, biologic markers that are intermediate between genes and behavior. Neuroimaging endophenotypes have the potential to define biologically meaningful subtypes of disorders that may respond to different interventions.
Despite high individual variation several statistically robust patterns of average maturational changes are evident. Specifically, WM volumes increase and GM volumes follow an inverted U developmental trajectory with peaks latest in high association areas such as dorsolateral prefrontal cortex.
These anatomic changes are consistent with electroencephalographic, functional MRI, postmortem, and neuropsychological studies indicating an increasing "connectivity" in the developing brain. "Connectivity" characterizes several neuroscience concepts. In anatomic studies connectivity can mean a physical link between areas of the brain that share common developmental trajectories. In studies of brain function, connectivity describes the relationship between different parts of the brain that activate together during a task. In genetic studies it refers to different regions that are influenced by the same genetic or environmental factors. All of these types of connectivity increase during adolescence. A linguistic metaphor would be to consider the maturational changes not so much as adding new letters to the alphabet as combining existing letters into words, those words into sentences, and the sentences into paragraphs. Characterizing developing neural circuitry and the changing relationships amongst disparate brain components is one of the most active areas of neuroimaging research utilizing graph theory to quantify such things as small world network properties of the brain.
Relatively late maturation of the dorsolateral prefrontal cortex, which is prominently involved in neural circuitry involved in judgment, decision making and impulse control, has prominently entered discourse affecting the social, legislative, judicial, parenting and educational realms. It is also consistent with a growing body of literature indicating a changing balance between earlier-maturing limbic system networks (the seat of emotion), and later maturing frontal systems. The frontal/limbic relationship is highly dynamic. Appreciating the interplay between limbic and cognitive systems is imperative for understanding decision making during adolescence. Psychological tests are usually conducted under conditions of "cold cognition"-hypothetical, lowemotion situations. However, real world decision making often occurs under conditions of "hot cognition"-high arousal, with peer pressure and real consequences. Neuroimaging investigations continue to discern the different biological circuitry involved in hot and cold cognition and are beginning to map how the parts of the brain involved in decision making mature.
Another prominent challenge for linking brain imaging findings to behavior/cognition/emotion is that behaviors emanate from the integrated activity of distributed networks not individual structures. Further complicating brain/behavior investigations is the growing realization that differences in the trajectories of development may in some cases be more informative than the final adult differences. For instance, in our longitudinal study looking at the relationship between cortical thickness and IQ differences in age by cortical thickness developmental curves were more predictive of IQ than differences in cortical thickness at age 20 years (Shaw et Ser homozygotes (SerSer) showed a significant acceleration of cortical thinning in the colored regions shown. The inset plot illustrates estimated genotype group trajectories for the left posterior superior temporal focus. In all instances 'Warmer' colors indicate thickness trajectory differences of greater statistical significance (Raznahan et al. 2010) al. 2006). Trajectories are also more discriminating than static measures for sexual dimorphism and clinical investigations. The idea that in neuroimaging, as in life, the journey is often as important as the destination is becoming an accepted tenet of pediatric neuroimaging.
The "journey as well as destination" tenet also highlights the fundamentally dynamic nature of brain development, one of the most striking features of the human brain illuminated by pediatric neuroimaging. The ability of our brains to adapt and change based on the demands of environment is the hallmark of our species. Understanding the mechanisms and influences responsible for these changes may help us to harness the brain's plasticity towards interventions for clinical disorders and optimizing the path to healthy development.
